Background/Aims: It is known that mesenchymal stem cells (MSCs) can have variable responses to hypoxic conditions and that hypoxia may specifically stimulate differentiation into osteogenic, chondrogenic, or adipogenic cells. Based on our previous study, we hypothesized that hypoxia may also induce MSC differentiation into cardiomyocytes and/or cells with comparable phenotypes. Methods: The differences in the proteomes were specifically investigated in bone marrow-derived rat MSCs (BM-rMSCs) under normoxic and hypoxic conditions using 2-DE combined with a MALDI-TOF-MS analysis and western blot analysis. In addition, genetic and/or proteomic interactions were assessed using a String network analysis. Results: Among the 35 markedly changed spots from a total of 393 matched spots, 24 were highly up-regulated and 11 were significantly down-regulated in hypoxic rMSCs based on a proteomic analysis. Although hypoxia failed to induce the direct differentiation of rMSCs into cardiomyocytes, several cardiomyocyte differentiation-related genes and proteins were significantly increased by hypoxic stress. Conclusion: We found that BM-rMSCs alter their expression of several cardiomyocyte differentiation-related genes and proteins under hypoxic conditions, and we examined the interactions between these genes and/or proteins, providing new insights for the applicability of MSCs preconditioned by hypoxic stimulation for use in cardiac diseases.
Introduction
Mesenchymal stem cells (MSCs) are heterogeneous, non-hematopoietic, multipotent stem cells that have self-renewal properties and the ability to differentiate into different mesoderm lineages, such as osteocytes, chondroblasts, and adipocytes, as well as other embryonic lineages, including endodermal and ectodermal cells [1, 2] . In addition, they have been found in almost all tissues and are mostly located in perivascular niches [3] . Therefore, they are more readily availability, pose fewer ethical problems, and have lower immunogenicity and immunomodulatory effects than do embryonic stem cells; thus, MSCS play an important role as a candidate for clinical applications in regenerative medicine [4, 5] . However, a problem with MSC therapy is that a large majority of transplanted cells undergo apoptosis following transplantation [6] , so overcoming this limitation is urgent.
Some studies have shown that hypoxic preconditioning may improve cell viability following transplantation [7, 8] . In general, low oxygen tension levels have been shown to be related to the maintenance of stem cell quiescence and plasticity [9] . On the other hand, hypoxia appears to be a key regulator of MSC recruitment, migration, and differentiation [10, 11] because oxygen is a critical component of the cellular micro-environment, serving as a metabolic substrate and a signaling molecule [12] . According to several studies, MSC differentiation into other lineages can either be increased or decreased by hypoxic conditioning [13, 14] . In vitro studies have shown that low oxygen concentrations can stimulate differentiation into osteogenic, chondrogenic, or adipogenic cells [15] [16] [17] . Conversely, one report showed that hypoxic conditions had suppressive effects on the plasticity of MSCs [18] .
There are reports that oxygen tension may regulate human MSC paracrine functions in vitro and in vivo [18] [19] [20] [21] [22] [23] , in previous study, we found that MSCs produce beneficial antiarrhythmic factors in hypoxic environments, suggesting the importance of the environment to active stem cells [24] . These reports and our previous results led us to wonder whether hypoxia may also induce MSC differentiation into cardiomyocytes and/ or cells with comparable phenotypes. To better understand MSC differentiation following hypoxic stimulation, we investigated the specific differences in the proteomes of bone marrow-derived rat MSCs (BM-rMSCs) under normoxic and hypoxic conditions using a 2-DE combined MALDI-TOF-MS analysis.
Proteomics is a scientific field focused on the high-throughput study of proteins and their function. Stem cell proteomics is appropriate for large-scale studies on the differential expression and function of proteins, which are important to understand for comparing stem cell differentiation under different conditions [25] . The culture medium conditioned by MSCs has also become a subject of extensive proteome profiling in the search for secreted proteins that may be useful in human regenerative medicine [25] .
Here, we determined the changes in expression of genes and proteins related cardiomyocyte differentiation, calcium regulation, NOS signaling by quantitative real-time PCR (qPCR) and western blot analysis and gene-gene and/or protein-protein interactions using a network analysis. We found that BM-rMSCs alter their expression of several cardiomyocyte differentiation-related genes and proteins under hypoxic conditions, and we examined the interactions between these genes and/or proteins, providing new insights for the applicability of MSCs preconditioned by hypoxic stress in cardiac diseases.
Materials and Methods

Isolation and culture of BM-rMSCs
Primary rMSCs were isolated and cultured according to the optimized methods described in our previous studies [26, 27] . Briefly, BM from the femurs and tibias of 4-week-old Sprague-Dawley male rats was flushed with phosphate-buffered saline (PBS; HyClone, Logan, UT, USA) containing 2% fetal bovine serum (FBS; HyClone), and mononuclear cells were isolated via density gradient centrifugation (Ficoll-Paque Plus; GE Healthcare, Sweden) for 30 min at 1,000 ×g. Then, cells were cultured in 20% FBS-Dulbecco's Modified Eagle's Media (DMEM; HyClone) at a density of 7 × 10 5 cells/well in a humidified atmosphere with 5% CO 2 at 37°C. All procedures were approved by the Institutional Animal Care and Use Committee of the Incheon Catholic University Medical School.
Preparation of normoxic and hypoxic conditioned cells
The rMSCs (1 × 10 6 cells) that grew to 80% confluence were incubated with serum-free media (SFM), after being washed in two changes of SFM, under normoxic or hypoxic conditions for 12 h. For the hypoxic conditions, rMSCs were incubated at 37°C in 5% CO 2 , 5% H 2 and 0.5% O 2 in a chamber with an anaerobic atmosphere system (Technomart, Korea). The cells were harvested after the 12 h-incubation period and treated with RIPA buffer (Sigma-Aldrich, St. Louis, MO, USA) for Western blot analysis and with TRIZOL Reagent (Life Technologies, Frederick, Maryland, USA) for two-dimensional electrophoresis (2-DE) and qPCR.
Preparation of dimethyloxaloylglycine (DMOG) conditioned cells
The rMSCs were cultured until they reached 80% confluence and then exposed to fresh complete medium supplemented with 0.5 or 1 mM DMOG (Frontier Scientific, Logan, UT, USA) for 12 hours. For the non-preconditioned control, culture medium was changed into fresh complete medium at the same time as DMOG treatment. The cells were harvested after the 12 h-incubation period and treated with TRIZOL Reagent for qPCR.
Flow cytometry
For the flow cytometric analysis, cells were collected using Accutase Cell Detachment Solution (Thermo, Louisville, CO, USA). The cells (5 × 10 5 cells/50 μL) were incubated for 1 h with antibodies against CD34, CD45, CD14, CD90, CD105, or CD106 (Santa Cruz Biotechnology, Santa Cruz, CA, USA) on ice in the dark and then washed 3 times with PBS containing 2.5% FBS and 0.1% sodium azide (washing solution). They were further incubated for 1 h with fluorescein isothiocyanate (FITC)-conjugated anti-rabbit IgG (Santa Cruz Biotechnology) on ice. The cells were washed 3 times, resuspended in 0.5 mL of washing solution and analyzed via flow cytometry using a BD AccuriC6 Cytometer (BD Biosciences, Piscataway, NJ, USA).
RNA isolation and reverse transcription PCR
Total RNA was isolated from rMSCs using TRIZOL Reagent Solution according to the manufacturer's instructions. The concentration of RNA was determined by measuring the absorbance of samples at 260 nm in a spectrophotometer. Oligo dT-primed cDNA was synthesized from total RNA using the Maxime RT PreMix kit (iNtRON Biotechnology, Seongnam, Korea). The cDNA synthesis and RTase inactivation were performed for 1 h at 45°C and for 5 min at 95°C, respectively.
Quantitative real-time PCR (qPCR)
The level of each gene transcript was quantitatively determined using an Applied Biosystems StepOnePlus real-time PCR System (Foster City, CA, USA) with the SYBR Green Dye system (SYBR Premix Ex Taq (Tli RNase Plus) and ROX reference dye (TAKARA Bio INC. Foster City, CA, USA)) for real-time PCR. The transcript level of each gene was normalized to Gapdh transcript levels. Primers were designed using Primer3 and BLAST, and the primer set sequences are listed in Table 1 .
Preparation of protein samples for 2-DE
For the 2-DE analysis, proteins were isolated from the phenol-ethanol supernatant layer left over after the DNA precipitation step using TRIZOL reagent. Precipitated proteins were dissolved in a rehydration buffer containing 7 M urea, 2 M thiourea, 4% CHAPS, 20 mM DTT, 1 mM PMSF, 2% IPG buffer (Ampholyte 3/10, Bio-Rad, Hercules, CA, USA), and a trace of bromophenol blue. The proteins were then stored at -80°C until analysis. Protein content was determined using the Bradford protein assay (Bio-Rad). performed at pH 4-7 with 18-cm IPG DryStrips (GE Healthcare, Buckinghamshire, UK) in an Ettan TM IPGphor TM 3 system (GE Healthcare) using the protocol recommended by the manufacturer. The IPG strips were passively rehydrated for 12 h in strip holders with 340 µL of DeStreak Rehydration Solution (GE Healthcare), which included 30 µg of protein in each sample. IEF was executed using the advanced mode protocol: 1 h at 500 V, 3 h at 1,000 V, and 6 h at 7,000 V, and it was then held at 7,000 V until it reached 115 KVh. The gel strips were then placed onto a 12% polyacrylamide gel for resolution along the second dimension, which was performed using an Etthan DALTsix system. Fractionations were performed according to the manufacturer's instructions. A total of six gels, three gels containing separated proteins per group, were visualized using silver staining and were submitted to image analysis and peptide mass fingerprinting (PMF) [28] .
2-DE analysis
Image acquisition and data analysis
The gels were imaged using a UMAX PowerLook 1120 system (Maxium Technologies, Akron, OH, USA), and modified ImageMaster 2-D software V4.95 (GE Healthcare) was used to compare the images. The detected spots from all gels were matched with those in the reference gel, which was selected from the gels of the normoxic cell group. Relative optical densities and relative volumes were calculated to correct for differences in in-gel staining. The intensity volume of each spot was processed using background subtraction and total spot volume normalization, and the resulting spot volume percentages were used for comparisons between the groups.
Protein identification
Protein spots were excised, digested with trypsin (Promega, Madison, WI), mixed with α-cyano-4-hydroxycinnamic acid (CHCA; Sigma-Aldrich) in 50% acetonitrile/0.1% trifluoroacetic acid, and used for MALDI-TOF analysis (Microflex LRF 20, Bruker Daltonics) as described by Fernandez et al. [29] . Spectra were collected from 300 shots per spectrum over an m/z range of 600-3000 and calibrated using a twopoint internal calibration of trypsin auto-digested peaks (m/z 842.5099, 2211.1046). The peak list was generated using Flex Analysis 3.0. The threshold used for peak-picking was 500 for the minimum resolution of monoisotopic mass and 5 for S/N. The search program MASCOT, developed by Matrixscience (http:// www.matrixscience.com), was used, and the MASCOT probability-based MOWSE (molecular weight search) score was calculated for PMF. For the database search, the following parameters were used: trypsin included as the cleaving enzyme, a maximum of one missed cleavage, iodoacetamide (Cys) as a complete modification, oxidation (Met) as a partial modification, monoisotopic masses, and a mass tolerance of ± 0.1 Da. The PMF acceptance criteria were based on probability scoring as follows: -10*Log (P), where P is the probability that the observed match is a random event, and a score greater than 62 is significant (p<0.05).
Immunoblot analysis
Cell lysates were prepared with RIPA buffer, and the extract was diluted in 5× sample buffer (50 mM Tris (pH 6.8), 2% SDS, 10% glycerol, 0.1% bromophenol blue, and 5% β-mercaptoethanol) and Table 1 . Sequences of primers used for qPCRs. a) F, sequence from sense strands; b) R, sequence from anti-sense strands heated for 1 min at 100°C. After SDS-polyacrylamide gel electrophoresis (PAGE), proteins were transferred to a polyvinylidene difluoride (PVDF, Santa Cruz Biotechnology) membranes and blocked for 30 min with TBS (Tris-buffered saline)-T buffer (10 mM Tris-HCl, 150 mM NaCl, and 0.1% Tween 20) containing 5% skim milk. The membranes were then washed in five changes of TBS-T buffer, followed by an incubation overnight at 4°C with the appropriate primary antibody (Santa Cruz Biotechnology) diluted 1:1000 in TBS-T buffer containing 5% bovine serum albumin (AMRESCO, Solon, Ohio, USA) and 0.02% sodium azide (Sigma-Aldrich). After five washes, the membranes were and incubated again for 30 min with a horseradish peroxidase (HRP)-conjugated anti-goat IgG, anti-mouse IgG, or anti-rabbit IgG secondary antibody (Santa Cruz Biotechnology) diluted 1:2000 in TBS-T buffer containing 5% skim milk. After washing the membranes five times with TBS-T buffer, they were visualized using an enhanced chemiluminescence (ECL, Western Blotting Detection kit, GE Healthcare) system, and the band intensities were quantified using ImageJ software.
Transient knockdown of Hif1a
Commercial AccuTarget siRNAs (BIONEER, Daejeon, Korea), which are target-specific siRNA (siRNA no. 1654508; sense (5'-3'), CAGUUACGAUUGUGAAGUU(dTdT); antisense (5'-3'), AACUUCACAAUCGUAACUG (dTdT)) were designed to knockdown (KD) Hif1a gene expression, and a negative control was used. rMSCs (1 × 10 6 cells per dish in a 10-mm dish) were transiently transfected with the siRNA (100 nM per dish) using a transfection agent (45 μl per dish) in the TransIT-X2 Dynamic Delivery System (Mirus Bio LLC, Madison, WI, USA), and gene expression levels were examined in cells that were cultured for 24 h. The transcript levels of each gene were normalized to the level of Gapdh.
Network analysis
For gene and protein network analyses, identified proteins obtained from the proteomic analysis, together with major cardiac proteins, were analyzed using String v10 (http://string-db.org) [30] . Associations between differentially expressed genes and proteins with broadly defined molecular networks were combined and visualized using the String database. Using the web interface, we predicted protein/ gene interactions between cardiac markers and their interacting partner proteins identified in this study.
Statistical analysis
All data were compared via one-way analysis of variance (ANOVA) using the Statistical Package of Social Science (SPSS, version 14.0K) program. Data are expressed as the mean ± SEM. Group means were significantly different at p<0.05, as determined based on the protected least-significant difference (LSD) test when an ANOVA indicated an overall significant treatment effect (p<0.05).
Results
Characterization of BM-rMSC in normoxic and hypoxic condition
Isolated BM-rMSCs from the femurs and tibias of Sprague-Dawley male rats were cultured according to the optimized methods described in our previous studies [26, 27] . Isolated rMSCs were characterized based on the presence or absence of specific markers using flow cytometry; that is, they expressed CD90, CD105, and CD106, but not CD34, CD45, and CD14 (Fig. 1A) . In addition, increases (Hif1a and Cxcr4) or decreases (Vwf and Cd93) in gene expression induced by hypoxic stimulation were also measured in these cells via qPCR (Fig. 1B) .
Separation and identification of differentially expressed proteins as a result of hypoxic stress using a proteomic analysis
To investigate the differential expression of proteins in BM-rMSCs between normoxic and hypoxic conditions, we carried out 2-DE-based proteomic experiments. Proteins were separated via 2-DE using a pH 4-7 IEF strips for the first dimension and 12% (w/v) SDS-PAGE gel for the second dimension. From this analysis, nearly 400 individual spots were detected, ranging in mass from 6 to 240 kDa between pH 4 and 7 ( Fig. 2A) markedly changed spots, from a total of 393 matched spots, 24 were highly up-regulated and 11 were significantly down-regulated in MSCs under HPX (Fig. 2B) . Eighteen spots were identified using PMF (Tables 2 and 3) , and only 4 spots showed a differential expression indicating a more than 2-fold change between the NMX and HPX groups from the 14 spots identified using MALDI-TOF (Table 2) .
Changes in cardiomyocyte differentiation-related genes and proteins following hypoxic stimulation
In addition to the identification of proteins differentially expressed between the two groups using the 2-DE analysis, we compared the expression of genes and proteins associated with cardiomyocyte development, calcium regulation, and NOS signaling between the NMX and HPX groups using qPCR and western blot analysis, respectively (Fig. 3) . We first investigated the gene expression of Ckm, Hspa8, and Cabp1 to validate the 2-DE-based proteomic results, but there was almost no difference among these genes between the two groups unlike the differences observed in the proteins (Fig. 3A) . Furthermore, cardiomyocyte development-related genes (Gata4, Tbx5, and Nkx2-5) and calcium regulation-related genes (Calm1 and Calr) were examined and Tbx2, Nkx2-5, and Calr were found to be markedly increased, while Calm1 was significantly decreased in the HPX groups compared with their expression in the NMX group (Fig. 3A) . Using a western blot analysis, we examined the protein expression of hypoxia-inducible factor 1-alpha (HIF-1α) in the two groups and found an increase in HIF-1α expression in the HPX group (Fig. 3B) . In addition, calcium regulation-related proteins (Ca 2+ /calmodulin-dependent protein kinase II (CaMKII) and calreticulin) and NOS signaling-related proteins (nitric oxide synthase (NOS)2 and NOS3) showed slight increases, while cardiomyocyte development-related proteins (GATA-4, TBX5, MyoD, myosin heavy chain (HC), NKX2-5, troponin-T, N-cadherin, and caveolin-1) showed dramatic increases in expression the HPX group (Fig. 3B) . On the other hands, cardiomyocyte development-related genes were also examined in DMOG conditioned cells by qPCR to evaluate whether pharmacological Hif1a activator (DMOG) works similarly with hypoxia induction on BM-rMSCs. Surprisingly, cardiomyocyte development-related genes, which are Tbx5, Nkx2-5, Myod1, and Cdh2, showed significant increment in DMOG conditioned cells in dose-dependent manner (Fig. 3C) .
Effects of Hif1a KD on the expression of genes involved in cardiomyocyte development
To directly test the relationship between Hif1a/HIF-1α and the increase in specific genes and proteins affected by HPX (Fig. 3) , we decided to specifically knockdown the Hif1a gene encoding HIF-1α in rMSCs using a siRNA. To construct Hif1a-KD cells, commercial siRNAs (siRNA no. 1654508) were used to transiently transfect BM-rMSCs. We confirmed the effects of Hif1a KD on the gene expression and protein production in rMSCs. As shown in Table 2 . List of identified proteins showing differential expression in rMSCs from the NMX and HPX groups. a) Spot ID is the same number as in the 2-DE-images in Fig. 2. b) KCRM_RAT is an entry from the UniProt/ SWISS-PROT database. c) Acc. no. is the NCBInr database accession number. d) The nominal mass is the integer mass of the most abundant naturally occurring stable isotope of an element. The nominal mass of a molecule is the sum of the nominal masses of the elements in its empirical formula. e) Protein score equals -10*Log (P), where P is the probability that the observed match is a random event. Protein scores greater than 62 are significant (p<0.05) Table 3 . List of identified proteins in rMSC by PMF analysis. a) UniProt/SWISS-PROT database. b) Matches mean number of masses matched Fig. 4 , the Hif1a gene and protein expression levels in Hif1a-KD cells were markedly reduced by an average of approximately 70%. Next, we examined the transcriptional changes in genes related to cardiomyocyte development (Tbx5, Nkx2-5, Myod1, and Cdh2) and calcium regulation (Calr) in Hif1a-KD cells in comparison with control cells. The results of real-time RT-PCR and western blot analyses show that expression patterns were similar between the Hif1a-KD and control siRNA-treated cells under the normoxic condition, except for Myod1, but that most of the genes and proteins were significantly down-regulated in Hif1a-KD cells under the hypoxic conditions (Fig. 4) .
Functional partners predicted in a network analysis
Based on the result of the networks generated by the String database analysis using the genes and proteins up-and down-regulated by HPX, five functional partners were predicted in silico (Fig. 5) . These interactions were scored based on activation, inhibition, binding, phenotype, catalysis, post-translation modification, reaction, and expression, and a group of five functional partners (Tnni3, Akt1, Tnni2, Zfpm2, and Ctnnb1) were predicted (Fig. 5B) .
Discussion
MSC cultivation under hypoxia is a meaningful way to study these cells because it simulates conditions similar to the natural microenvironment in BM [31] . These cells adapt themselves to hypoxic microenvironments by modulating their proliferation, differentiation, metabolic balance and other physiological processes [32] . Several previous studies have reported on the capacity of MSCs to differentiate into osteogenic, chondrogenic, or adipogenic cells when cultured in hypoxic conditions [15] [16] [17] . However, oxygen tension may regulate human MSC paracrine functions [21] , and the myocardial medium from hypoxic preconditioning can induce MSC differentiation into myocardial-like cells [33] . In our previous study, we found that a low oxygen tension induces the antiarrhythmic potential of MSCs in an animal model of myocardial infarction [24] . Accordingly, we hypothesized that hypoxia may also induce differentiation into cardiomyocytes and/or cells with comparable phenotypes in BM-rMSCs. Therefore, we used in this study only one condition (0.5% O 2 ) as hypoxia treatment for MSCs for equal condition with previous study [24] . Bianco et al. [34] and Chen et al. [35] also used O 2 of 0.5% as hypoxic condition for induction of cardiac differentiation.
First, we investigated the specific differences in the proteomes of rMSCs (Fig. 1 ) cultured under normoxic and hypoxic conditions using 2-DE combined with a MALDI-TOF-MS analysis ( Fig. 2A) and found 24 highly up-regulated spots and 11 down-regulated spots in samples from hypoxic rMSCs (Fig. 2B ). Among these 35 spots, only 4 showed a greater than 2-fold difference between the HPX and NMX groups (Table 2 ) from the 14 spots identified in the MALDI-TOF analysis (Table 3) , but these proteins were not closely related to cardiomyocyte differentiation. Next, we individually examined the changes in genes and proteins related to cardiomyocyte differentiation and discovered marked changes in several cardiomyocyte differentiation-related genes (Tbx5 and Nkx2-5) and proteins (GATA-4, TBX5, MyoD, myosin HC, NKX2-5, troponin-T, N-cadherin, and caveolin-1) (Figs. 3A and B) .
MyoD, N-cadherin, and caveolin-1 are differentiation markers for myogenic precursors and GATA-4, TBX5, myosin HC, NKX2.5, and troponin-T are markers of cardiac muscle differentiation in MSCs. TBX5 is a T-box-containing transcription factor critical for heart development that interacts with MEF2C, NKX2-5, and GATA-4, which are cardiac transcription factors that are also required for heart development [36, 37] . The complex of TBX and NKX2-5 synergistically promotes cardiomyocyte differentiation [38] , and TBX, together with GATA-4 and MEF2C, contributes to the reprogramming of cardiac fibroblasts into cardiomyocytes [39] . MyoD is one of the earliest markers of myogenic differentiation and plays a major role in regulating muscle differentiation [40] . It is now thought to function as a major myogenic controller of an on/off switch mechanism mediated by KAP1 (KRAB (Krüppel-like associated box)-associated protein 1) phosphorylation [41] . N-cadherin plays a role in cardiac development as a calcium dependent cell-cell adhesion molecule and is required for the establishment of left-right asymmetry [42] .
HIF-1α is a key mediator of adaptive responses to low oxygen tension, and it accumulates rapidly under hypoxic conditions to initiate an adaptive transcription program [43] . A complete deficiency of HIF-1α in mice results in embryonic lethality, and the hearts of mice lacking Hif1a show a decreased expression of the core cardiac transcription factors, such as MEF2C and TBX5 [43] . In this regard, we also found that cardiomyocyte differentiationrelated genes and proteins were induced in hypoxic rMSCs though a Hif1a-dependent pathway ( Fig. 3C and Fig. 4) . In other words, hypoxia-induced signaling controls cardiac development through the Hif1a-mediated transcriptional regulation of rMSCs, thereby providing a mechanistic basis of how heart development is coupled to low oxygen tensions.
According to a network analysis using the differentially expressed genes and proteins identified in this study, five targets (Tnni3, Akt1, Tnni2, Zfpm2, and Ctnnb1) were predicted as functional partners for the cardiac differentiation of rMSCs under hypoxic conditions (Fig.  5) . Numerous studies have reported that multiple parameters can enhance these cardiac differentiation factors [44] [45] [46] . In our network analysis, we found that Zfpm2 was highly associated with three cardiac transcription factors in the String database. Recently, and in line with our results, Fu et al. [45] found that three developmental cardiac transcription factors (GATA4, MEF2C, and TBX5 [GMT]) were insufficient in human cells and that adding ESRRG and MESP1 to GMT reprogrammed human fibroblasts derived from stem cells. The further addition of myocardin and ZFPM2 (FOG2) resulted in the induction of cardiomyocytelike cells with more fully developed sarcomeres, rhythmic calcium transients, and (in some) action potentials.
Here, without a considerable change in morphology, cardiomyocyte specific several genes and/or proteins were elevated in BM-rMSCs under hypoxic conditions for only brief periods of time (Fig. 3) . These results suggest that low oxygen may trigger the activation of an early developmental program but not result in complete cardiomyocyte differentiation from rMSCs. In differentiation process, differentially expression of transcription factors arises through specific signaling pathways or interaction with other transcription factors that act as co-regulators. Therefore, the differential expression of specific transcription factors, receptors, and signaling molecules during differentiation is critical for the understanding of the relationship between intracellular and extracellular signaling networks [47] . Further functional studies are undeniably needed to elucidate the mechanisms underlying the MSCs preconditioned by hypoxic stimulation for use in cardiac disease.
In summary, we identified a mechanism of Hif1a-mediated differentiation involving several important cardiac factors. Zfpm2 is an important factor in cardiac differentiation in rMSCs, and possibly works in conjunction with three major cardiac differentiation transcription factors. In support of our findings, the function of Zfpm2 suggests that it may
